A photonic crystal vertical-cavity surface-emitting laser with a spectral width of 0.16 nm and a 3dB small signal modulation bandwidth of 16.2 GHz is demonstrated. Separation of optical and current apertures enables a narrow spectral width and an extremely low operating current density of ∼ 1 kA/cm 2 simultaneously. It can potentially be used as a high-reliability laser source that enables error-free transmission over long multimode fibre links at high data rate.
Introduction: Vertical-cavity surface-emitting lasers (VCSELs) in combination with multimode fibres have been widely used as the low-cost solution for short-haul optical data communication [1] . To extend the length of the fibre links with the VCSELs modulated at ever higher data rates for rack-to-rack transmissions in data centres, it is crucial to use VCSELs with narrow spectral width for reduced modal and chromatic dispersion [2] . For oxide-confined VCSELs [3] , the common practice is to reduce the optical aperture diameter so that the higher-order modes are cut off, but this comes with the consequence of reduced current aperture size and increased operating current density, which is detrimental to device lifetime [4] . In this Letter we demonstrate a photonic crystal VCSEL with separate optical and current apertures to obtain high modulation bandwidth, narrow spectral width, and low operating current density simultaneously.
Design and fabrication: A photonic crystal in the form of a periodic pattern of air holes etched into the top (output) mirror with one central air hole removed defines the lasing aperture and step-index waveguide condition [5] . The lithographically defined parameters are hole pitch a and hole size b. Compared to oxide-confined VCSELs [3] , the index contrast between the cavity and its surrounding is approximately an order of magnitude lower for the photonic crystal VCSELs, therefore the number of transverse modes are greatly reduced. Furthermore, the photonic crystal induces greater optical loss and suppression for the higher-order modes [6] . Current confinement is achieved through proton implantation, with the implant aperture size independently designed. The VCSELs contain a top distributed Bragg reflector with 21 Al 0.12 Ga 0.88 As-AlAs periods and a single-wavelength cavity with three GaAs quantum wells. Device fabrication begins with a plasma-enhanced chemical vapour deposition of silicon oxide (SiO 2 ) on the wafer surface. Mesa and photonic crystal patterns are transferred to the SiO 2 layer through photolithography. Devices are then implanted with high energy protons, with the implant masks aligned to the centre of photonic crystal patterns. Next, mesas and photonic structures are etched simultaneously with inductively-coupled plasma reactive-ion etching (ICP-RIE) using SiO 2 as the etch mask. Due to aspect ratio scaling of dry etching [7] , the mesas can be etched into the bottom mirror but the photonic crystal air holes etching terminates before the active region so that excessive heating due to surface recombination [8] is prevented. Subsequently, lower n-and upper p-contacts are deposited. To facilitate high-speed measurements, the sample is planarised with polyimide and coplanar ground-signal-ground contacts are deposited. A scanning electron microscope image of a completed device is shown in Fig. 1, with a magnified 
Device characteristics: Fig. 2 shows the light and voltage against current (LIV) curves of a photonic crystal VCSEL with b/a = 0.7 and a = 3.5 µm. The photonic crystal VCSEL has a low threshold current (I th ) of 0.43 mA despite the large nominal implant current aperture of 17.45 µm, due to: 1. strong and stable index guiding from the photonic crystal resulting in low diffraction loss [8] , 2. high reflectivity from high index contrast in the mirrors, and 3. an optimised proton implant projected range into the top mirror to reduce lateral current leakage. The VCSEL characterised in Fig. 2 is considered quasi-single mode because the side mode suppression ratio between the fundamental and the first higher-order modes is only about 16 dB at an injection current of 5 mA as indicated by the lasing spectrum in Fig. 3 . The RMS spectral width as defined by the IEEE 802.3 Standard is 0.16 nm. 4 shows the small signal modulation response curves corresponding to different DC bias currents to the VCSEL (bias currents are 2x, 3x, 4x… threshold current). The maximum 3dB bandwidth of 16.2 GHz is obtained at 3 mA corresponding to roughly seven times the threshold current. By taking the nominal implant aperture of 17.5 µm, the resultant operating current aperture is < 1.3 kA/cm 2 , which is almost an order of magnitude lower than the benchmark for the high-reliability operation regime [4] . Fig. 5 . The slope of the linear portion of the curve is defined as the modulation current efficiency factor (MCEF) [9] . The MCEF for this photonic crystal VCSEL is 12 GHz/mA 1/2 , which is higher than those typically reported for oxide VCSELs with GaAs quantum wells [10] . This can be attributed to the high internal quantum efficiency of the active region as well as the high index contrast in the mirrors and the single mode photonic crystal cavity which reduces the mode volume. Slope of linear portion of curve defined as the MCEF Conclusion: Due to separation of the optical and current aperture, photonic crystal VCSELs enable narrow spectral width and low operating current density simultaneously. The optimised epitaxial design of the wafer facilitates low threshold current and a high modulation current efficiency factor, whereas the photonic crystal structure provides effective optical confinement for small modal volume. With a narrow spectral width of 0.16 nm and a maximum 3dB bandwidth of 16.2 GHz obtained at 1.3 kA/cm 2 , these devices are compatible for VCSEL-based data communication at high data rate while operating at a high-reliability bias regime.
